INTRODUCTION {#SEC1}
============

Chromosome conformation capture-based technologies (C-technologies) are pillar methods in three dimensional (3D) genomics, which include chromosome conformation capture (3C) and 3C-derived technologies, such as circular chromosome conformation capture (4C), chromosome conformation capture carbon copy (5C) and high-throughput chromatin conformation capture (Hi-C) ([@B1],[@B2]). They are widely used to elucidate genome folding and to reconstruct 3D topological structure, both of which are crucial in transcriptional regulation and cellular fate determination ([@B2]). For example, 3C demonstrated that H19--Igf2 interaction affects the progression of myogenic differentiation ([@B3]); Hi-C allowed scientists to elucidate topologically associated domains (TADs) that were mainly anchored by CTCF/Cohesin proteins, and which were associated with cell-specific gene expression ([@B4]). By employing these advanced methods, researchers can reconstruct 3D genome architecture, in eukaryotes, and probe unique insights into the topological mechanism of transcription and variations across the genome ([@B5]).

These methods are based on the principle that if the two DNA fragments interact with the same regulatory complex, both will be spatially contiguous ([@B6]). After proximity-dependent ligation between two DNA fragment-ends, quantification of ligation junctions is derived by PCR or sequencing, which is then used to measure DNA contact frequencies ([@B7]). Therefore, proximity-ligation offers a pivotal step for determining distal interaction identification ([@B8]). Proximity ligation is the basis of the Hi-C method. At the same time, noise could also be generated during the process ([@B9]). The desired circularized templates are present in a mixture with miscellaneous linear-type DNA, including dangling ends, internal fragments, contiguous ligation DNA, re-ligation DNA, dumped fragments, and so forth (Figure [1A](#F1){ref-type="fig"}) ([@B10]). Furthermore, PCR amplification also enhances artificial noise, due to the admixture of different DNA forms.

![Experimental overview. (**A**) Noise sources generated by C-technology, aggregated from 3C, 4C, 5C and Hi-C protocols. v, valid ligation; s, self-ligation; e, re-ligation; d, same fragment dangling ends; t, intermolecular ligation; a, random ligation; u, contiguous ligation; i, same fragment internal. (**B**) HiC-Pro filtering result of Nagano *et al.* standard Hi-C (Standard Hi-C 2) and Dixon *et al.* standard Hi-C (Standard Hi-C 3).](gkaa106fig1){#F1}

With a mixture of templates, both the amplification products and efficiency are dramatically affected by artifacts (heteroduplexes and chimeras), supercoiling and biases, which might significantly affect the proportion of valid Hi-C data or other C-technology data (Figure [1B](#F1){ref-type="fig"}) ([@B2],[@B13]). Consequently, C-technologies remain as high-noise genomic methodologies (Figure [1](#F1){ref-type="fig"}) and, thus, require further optimization or development ([@B11]). Therefore, increasing the circularized ligation ratio and lowering the linear DNA quantity would be an important measure to optimize C-technologies. If the linear DNA is efficiently eliminated, the remaining circularized DNA will be directly read out (amplification, quantitation or sequencing), the principle of which is illustrated in Figure [1A](#F1){ref-type="fig"}.

Exonuclease is a powerful tool for DNA manipulation by cleaving nucleotides, one at a time, from the end (exo) of a polynucleotide chain ([@B17]). Various combinations of exonucleases have been applied to explore gene editing, DNA manipulation and technology development. For example, a combination of Lambda and RecJF exonuclease was used to develop a ChIP-exonuclease method (ChIP-exo) to define precise binding sites along the genome ([@B22]).

In this study, to increase the proportion of desired circularized templates, during C-technologies, we first tested different exonuclease combinations, in order to treat different DNA forms, derived from plasmids, to measure their efficiency. We here demonstrate that the exonuclease combinations of 'Lambda and RecJF', 'Lambda and Exonuclease I' or 'Exonuclease I and Exonuclease III' can be used to efficiently eliminate linearized DNAs (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Finally, we show that 'Lambda and Exonuclease I', 'Lambda and RecJF' or 'Exonuclease I and Exonuclease III' can also be employed for Hi-C development under the right conditions.

![Experimental results for exonuclease combinations treatment. (**A**) The cleavage mechanism of Lamada and Exonuclease I combinations. Other exonuclease combinations (Lambda and RecJF; Exonuclease I and Exonuclease III) are shown in [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. (**B**) Three exonuclease combinations (LRL; LRC; LIC) removed linear DNA from a paradigm mixture. M, 1 kb DNA ladder; P, pGL4.23 plasmid; L, linearized plasmid; X, mixture (plasmid and linear DNA 1:1); 1-X, LRL-Mixture, LRL to cut mixture; 2-X, LRC-Mixture, LRC to cut mixture; 3-X, LIC-Mixture, LIC to cut mixture; 3-P, LIC to cut plasmid; 3-L, LIC-Lin, LIC to cut linearized plasmid; MS, supercoiled ladder. (**C**) I+III combination and *Exonuclease VIII, truncated* elimination tests. 5-X, VIII4-Mixture, *Exonuclease VIII, truncated* within Buffer 4 to remove mixture; 6-X, VIIIC-Mixture, *Exonuclease VIII, truncated* within CutSmart buffer to remove mixture; 4-X: I+III-Mixture, I+III to remove mixture. Loading samples for agarose gel electrophoresis were purified by phenol-chloroform.](gkaa106fig2){#F2}

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

Mouse C2C12 cells (ATCC^®^, CRL-1772™) were cultured under the following conditions: DMEM (GIBCO, 11965092), 20% fetal bovine serum (FBS) (HyClone, 30071.03) and 1% penicillin/streptomycin (GIBCO, 15140), and maintained at 37°C with 5% CO~2~ in Corning^®^ 100 mm culture dishes. The cells were divided from one to four dishes, strictly based on when the confluence reaching 50--60%. Cells were then passaged using 2 ml of 0.25% trypsin (GIBCO, 25200056) at 37°C for 5 min, followed by blocking with 6 ml complete medium. Cells were then mixed, by pipetting, and then transferred into a 15 ml centrifuge tube and centrifuged at 200 × g for 5 min. The supernatant was then discarded and cells were re-suspended, with 1 ml complete medium, followed by transfer of appropriate aliquots (200 μl) to new culture dishes. For C-technology tests, cells were harvested and cross-linked until they reached 6--8 × 10^6^ in number (100 mm dish, 80--90% cell confluence). Formaldehyde (HCHO) was added to the dish (280 μl of 37% HCHO to 10 ml medium, 1% final concentration) and cells were incubated at 37°C for 10 min. Crosslinking was stopped by adding 890 μl of 2.5 M glycine to the medium (0.2 M final concentration) at 25°C for 5 min, and the medium was then aspirated. Cells were washed, twice, with 10 ml of 1× PBS (GIBCO, 14190250) and then harvested from the dish by scraping with a plastic spatula. Remaining cells were washed into the centrifuge tube, using 0.5% BSA/PBS, followed by centrifugation at 500 × g, at 4°C for 5 min. The cells were either stored at −80°C or directly used for C-technology cell lysis assays.

Mouse E14 embryonic stem cells (mESCs) (ATCC^®^, CRL-1821™) were cultured under specific conditions (KO-DMEM complete medium) in KO-DMEM (Invitrogen Life Technologies, 10829-018) supplemented with 15% FBS (Invitrogen Life Technologies, 10099-141), 1% penicillin/streptomycin (GIBCO, 15140), 1% MEM nonessential amino acids (NEAA) (Invitrogen Life Technologies, 11140-122), 1% 2-Mercaptoethanol (BME) (Sigma, M-7522), 1% GlutaMAX™ (GIBCO, 35050061), 1‰ Vitamin C (Sigma, A8960), 1‱ LIF (Chemicon, ESG-1107), 1‱ PD0325901 (Selleck, S1036) and 3‱ CHIR-99021 (Selleck, S1263). Before cells were thawed, or passaged, dish bottoms were covered with warmed 0.1% gelatin (Sigma, E1270) (37°C). Next, the gelatin solution was removed and 0.05 million cells per 60 mm dish were seeded into KO-DMEM complete medium. In subculture, cell colony morphology, density and size were initially observed. In a 60 mm dish, efficient extraction of mESCs was achieved with an average colony size of 200--400 μm (in diameter) and a spacing of ∼400 μm between colonies. After the cell clones were washed, with 1 × DPBS (Invitrogen Life Technologies, 14190-144), the digestive enzyme accutase (Invitrogen Life Technologies, A1110501) was used instead of trypsin. Other steps were similar as for C2C12 cells ([@B23]).

Agarose gel electrophoresis and real-time qPCR {#SEC2-2}
----------------------------------------------

For agarose gel electrophoresis, loading samples (40 ng) were used for electrophoresis (0.8% agarose gel), performed at 100 V for 40 min. Gels were digitally imaged using a system adapted for photography (Bio-Rad Laboratories, CA, USA). After LRL (Lambda and RecJF within Lambda buffer) (NEB), LRC (Lambda and RecJF within Cutsmart buffer) (NEB), LIC (Lambda and Exonuclease I within Cutsmart buffer) (NEB) and I+IIIC (I+III or IIIIC) (Exonuclease I and Exonuclease III within Cutsmart buffer) (NEB) elimination, qPCR was performed. Primer BH2 for qPCR was designed across both ends of the BamHI restriction site. Primer B and C were randomly designed away from the cutting site (<http://bioinfo.ut.ee/primer3/>) ([Supplementary Table S15](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). The experiments in triplicate were combined to enlarge the quantity and volume before purification. For same quantity (SQ) qPCR, after phenol/chloroform purification, each sample was diluted to 1 ng/μl and then subjected to a further 1000-fold dilution (1 μl sample + 999 μl H~2~O) for quantification, with three replicates per sample. For same volume (SV) qPCR, each sample of the same volume was diluted 100-fold (1 μl was diluted to 100 μl by H~2~O). The 20 μl qPCR reaction mixtures were prepared comprised of 10 μl SYBR qPCR Master Mix (Invitrogen Life Technologies, 4368702), 4 μl H~2~O, 2.5 μl Primer F (1 μM), 2.5 μl Primer R (1 μM) and 1 μl Template.

All qPCR amplification reactions were performed using the following program: 95°C for 10 min for initial denaturation; 95°C for 15 s and 60°C for 2 min for 40 reaction cycles; and 95°C for 15 s, 60°C for 2 min and 95°C for 15 s to develop a melt curve. Real-time fluorescence measurements were performed on an Applied Biosystems StepOnePlus Real-Time qPCR System (Thermo Fisher Scientific, Shanghai, China). Relative DNA enrichment was calculated by 2^−ΔCt^. The balanced mix of plasmid and linearized DNA, without elimination, was regard as standard 1. Data are displayed as means ± the standard error (SEM) of triplicate experiments. Real-time qPCR was conducted following the MIQE guidelines ([@B24]).

Exonuclease combination pre-tests for linearized DNA elimination {#SEC2-3}
----------------------------------------------------------------

The pGL4.23 (4283 bp, P1) ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}) and pCDNA3.1-NLS-NgAgo (8246 bp, P2) plasmids were extracted, using Endo-free Plasmid Mini Kit II (E.Z.N.A.^®^, D6950). Linearized plasmid DNA was obtained in the following 200 μl solution/per reaction, including 23.4 μl plasmid, 5 μl BamHI-HF (HindIII for P2) (NEB), 20 μl 10× Cutsmart Buffer (NEBuffer 2 for P2) and 151.6 μl H~2~O. Three reactions were performed at 37°C for 1 h. To increase the yield of linearized plasmid DNA, three digested solutions were combined, followed by addition of 1.2-fold phenol/chloroform/isoamyl alcohol for DNA extraction ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Linearized plasmid DNA elimination studies were then performed, in six groups, to test different exonuclease treatment combinations: LRL-Mixture, LRC-Mixture and LIC-Mixture ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}); VIII4-Mixture, VIIIC-Mixture and I+IIIC-Mixture ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In the treatment reactions, 250 ng plasmid and 250 ng linearized DNA were mixed as templates (Mix or Mixture). The other two groups were employed: 500 ng plasmid (LIC-plasmid) or linearized DNA (LIC-Lin) was incubated under the LIC treatment. Irrespective of whether LRL, LRC or LIC was employed, the quantity of exonucleases used was sufficient to erase 500 ng linearized DNA. Each treatment was performed in triplicate. All eight treatments were incubated at 37°C for 1 h. After digestion, Qubit 2.0 Fluorimeter (Invitrogen, USA) was used to measure the residual DNA concentration. Alternatively, different time points of 1, 4 and 16 h were tested for DNA digestion, under I+IIIC-Mix treatment conditions ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}), with each incubation period having three replicates. A 1.2-fold volume of phenol/chloroform/isoamyl alcohol was used for DNA purification and the resultant DNA was analyzed by agarose gel electrophoresis. Agencourt Ampure XP bead (Beckman Coulter) purification was carried out as an alternative purification method ([Supplementary Figures S4 and S5](#sup1){ref-type="supplementary-material"}). Data are presented as mean ± SEM.

Linear noises eliminating tests after proximity-ligation {#SEC2-4}
--------------------------------------------------------

In the earlier steps for chromosome conformation capture technologies, these samples were assayed by cross-linking, lysis, digestion and marking, followed by ligation and DNA purification (Supplemental S.2). For linear DNA eliminating tests, aliquots of 572 ng library DNA, per reaction (10 reactions), and 40 ng library DNA, per reaction (15 reactions), derived from C2C12, were used. Here, the DNA concentrations were measured by Qubit (Supplemental S.2.1 and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}, [Supplemental S.2.2](#sup1){ref-type="supplementary-material"} and [Supplementary Table S9](#sup1){ref-type="supplementary-material"}) and the solutions then combined and mixed thoroughly. For 572 ng library test, the resultant solution was divided, equally, into ten 1.5 μl Eppendorf (EP) tubes ([Supplementary Table S7--S8](#sup1){ref-type="supplementary-material"}). But for 40 ng library tests, the combined solution was divided into 15 tubes (Supplemental S.2, [Supplementary Table S10--S13](#sup1){ref-type="supplementary-material"}). The content of each tube was then treated with either LRL, LRC, LIC, I+IIIC, LRLP1 (P1 added as chaperon carrier), LRCP1, LICP1, or I+IIICP1; as controls, we used Co and CoP1 ([Supplementary Table S7--S8](#sup1){ref-type="supplementary-material"}). Additionally, P2 plasmid was added as a replicate for the P1 chaperon carrier test for the 40 ng library test ([Supplementary Table S11--S13](#sup1){ref-type="supplementary-material"}). A 50 μl reaction system was used for these tests, and was incubated at 37°C for 1 h. After digestion, 1.2-fold (60 μl) Ampure XP bead purification was performed. Qubit was used to measure the linear DNA elimination efficiency. Agarose gel electrophoresis was used to detect different DNA forms (Supplemental S.2).

Hi-C improvement and bioinformatics analysis {#SEC2-5}
--------------------------------------------

The exo-Hi-C was basing on standard Hi-C ([@B10]). The linear DNA eliminating step was specifically introduced after proximity-ligation. LRC or LIC were employed to assess their effectiveness for eliminating linear interaction noise. For *in situ* system, *in situ* exo-Hi-C protocol was performed based on Rao *et al.* ([Supplementary Figure S21](#sup1){ref-type="supplementary-material"} and Supplement Protocol) ([@B25]). LIC or IIIIC were employed to assess their effectiveness for eliminating linear interaction noise. These Hi-C libraries were sequenced (PE 150) on Illumina NovaSeq or Hiseq X-ten and cleaned FASTQ data were submitted to HiC-Pro 2.10.0 (<https://github.com/nservant/HiC-Pro>) ([@B12]). After mapping to the reference genome and filtering experimental artefacts, detailed statistics were generated. The Standard Hi-C 1 raw data were downloaded from GEO-GSM862721 ([@B26]). The standard Hi-C 2 raw data were downloaded from GEO-GSM1718027 ([@B27]). The standard Hi-C 3 raw data were downloaded from GEO-GSM862720 ([@B26]). HiC-Pro terms are described in [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}. They were side by side submitted for HiC-Pro analysis. For Exo-Hi-C, after HiC-Pro filtering, the correlation score was calculated by GenomeDISCO, according to raw matrices, at 50 kb resolution ([@B28]). Paired interactions, separated by different genomic distance, were analyzed by Empirical Cumulative Distribution Function ([@B25]). The first principal component (PC1) value for each chromosome was used to identify regions of the genome as belonging to either the A or B compartment. PCA of Hi-C data was performed by HOMER software with parameters (-res 50000 -window 100000 -genome mm9) ([@B29]). The A compartment (PC1 \> 0) and B compartment (PC1 \< 0) were obtained at 50 kb bin resolution ([@B10],[@B30]). A series of Hi-C interaction frequency heatmaps were drawn by Juicebox ([@B31],[@B32]). The Knight-Ruiz (KR) normalization was conducted. The regions at different resolutions can be reviewed using the Juicebox Browser ([@B31],[@B32]). Aggregate Peak Analysis (APA) was performed by juicer with default parameters ([@B33]). The contact probability along with the genomic distance was counted by FitHiC with parameters -r 10000 -U 100 000 000 -L 10 000. Then the resulting contact probability was plotted against distance in a log--log plot ([@B34]). For downsampling, same amount of sequencing read pairs were sampled by Seqtk (<https://github.com/lh3/seqtk>). Loop detection was performed by HiCCUPS software (Default parameter: -r 5000, 10 000, 25 000) ([@B25]). The QuASAR-QC quality assessment was calculated by QuASAR software ([@B35],[@B36]).

RESULTS AND DISCUSSION {#SEC3}
======================

Evaluation and qualification tests of different exonuclease combinations {#SEC3-1}
------------------------------------------------------------------------

In the present study, we employed different exonuclease combinations and designed a series of tests to remove different linear DNAs. This combination included LRL, LRC, LIC or I+IIIC. To enhance the procedure, plasmid DNA was used for these tests, as it exists in three forms, circular DNA (SC), nicked circular DNA (OC) and linearized DNA (Lin) ([Supplementary Figure S1B and S2A](#sup1){ref-type="supplementary-material"}) ([@B37]). First, linearized plasmid DNA (pGL4.23, 4283 bp) was obtained by BamHI-HF digestion (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). The band in the lane named 'Plasmid Lin' shows that the plasmid was completely linearized (Figure [2B](#F2){ref-type="fig"}, C and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). For better simulation of a ligation solution containing circularized and linear DNAs, a circular plasmid was mixed with an equal quantity of linearized plasmid (called Mixture) (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). Six treatments with various exonuclease combinations, or singular exonuclease, were assayed for linearized DNA elimination (Figures [2B](#F2){ref-type="fig"}-[C](#F2){ref-type="fig"}, 3, [Supplementary Tables S1 and S4](#sup1){ref-type="supplementary-material"}, see Materials and Methods). The results showed that, although the mixture contained circular DNA, nicked circular DNA and linearized DNA, the LRL, LRC or LIC treatments could successfully remove linearized DNA (Figure [2B](#F2){ref-type="fig"}). LRL was consistent with a previously report ([@B37]).

In order to quantitatively assess the efficiency of elimination, DNA concentrations of digestion products were measured by Qubit (Figure [3A](#F3){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). The removal ratios of the mixtures were 61.4% (1-X: LRL-Mix), 66.6% (2-X: LRC-Mix) and 65.0% (3-X: LIC-Mix) ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Qubit results were consistent with qPCR experiments (SV) (Figure [3B](#F3){ref-type="fig"} SV and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, see Materials and Methods). To assess the subtle differences of the linearized elimination products, qPCR amplification was conducted with equal quantity (SQ) of templates, using primers either located across (BH2) or located away (B or C) from the BamHI restriction site (Figure [3B](#F3){ref-type="fig"} SQ and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

![Quantification effects for different combination treatments. (**A**) Results of every linear elimination treatment, measured by Qubit. Plasmid (250 ng) and linear DNA (250 ng) were mixed, as templates (X, Mixture). Linear DNA (500 ng) (3-L, LIC-Lin) was set as control treatments. Every treatment had three replicates. 1-X, LRL-Mixture; 2-X, LRC-Mixture; 3-X, LIC-Mixture; 4-X, I+III-Mixture; 5-X, VIII4-Mixture; 6-X, VIIIC-Mixture. (**B**) The qPCR results from three exonuclease combination treatments (in accordance with Figure [2B](#F2){ref-type="fig"}). The primer BH2 was used across the plasmid BamHI site. Same quality (SQ): The Qubit amounts of qPCR input for all treatments were consistent (Supplemental S.1.2). Same volume (SV): The qPCR input volumes were consistent (Supplemental S.1.4 and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). P, pGL4.23 plasmid; L, linearized plasmid; X, Mixture; 3-P, LIC to cut plasmid; 3-L, LIC to cut linearized plasmid. Three experiments for each treatment were combined for enlarging the volume before purification. (**C**) The qPCR results correspond with Figure [2C](#F2){ref-type="fig"}. The primer was BH2. Data are presented as mean ± SEM.](gkaa106fig3){#F3}

The concentrations determined using Qubit indicated that the removal ratio for LRC was higher (66.6%) than that obtained for LRL or LIC. Likewise, the BH2 primer-qPCR result (SQ) showed that the circular DNA ratio of LRC (2-X: 2.7-fold) was higher than that of LRL (1-X: 1.7-fold) and LIC (3-X: 1.7-fold). Our qPCR results with the B or C primers also showed this consistent tendency (Supplemental S.1.2 and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). When pure linearized DNA was used as the substrate, after 1 h digestion, the elimination efficiency (Qubit result) was 99.0% (Figure [3A](#F3){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). In the same way, the pure linearized DNA elimination treatment also showed very low RQ (\<0.001, Figure [3B](#F3){ref-type="fig"}) in qPCR. For cost efficiency, Exonuclease I could be employed as the CutSmart would serve as a universal buffer.

Exonuclease III acts at nicks, within dsDNA, to produce single-strand gaps, and so Exonuclease I+III can remove nicked circular and linearized DNA ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Thus, we used this I+III combination for a 1 h incubation period, and purified circular dsDNA was then obtained (Figure [3C](#F3){ref-type="fig"} SQ) (Figures [2C](#F2){ref-type="fig"}: 4-X, [3C](#F3){ref-type="fig"}: 4-X and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). But during these tests, we observed that Exonuclease I and III could also remove circular DNA, if they were over-digested for longer periods ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Hence, to better measure the efficiency of this process, we performed I+III-Mixture tests for different digestion times ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The electrophoresis results showed that 1 h was sufficient to remove nicked circular and linearized DNA. The left DNA ratio was 35.0% (1 h), 11.7% (4 h) and 3.2% (16 h) ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}), which indicated a decline tendency along with prolonged time. As observed, a 16 h digestion treatment could remove nearly all the different DNA forms, with only a few DNAs being retained, which could be measured by Qubit ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Therefore, a I+III treatment could be regarded as one means to purify circular DNA from a mixture (in this test, ∼1 h). However, performance of a pre-test to establish an appropriate digestion time and conditions would avoid the risk of losing informative circularized DNA for C-technology assay.

In addition, the elimination tests (Figure [2C](#F2){ref-type="fig"}) indicated that the efficiency of an exonuclease combination was better than a singular exonuclease treatment ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}, [Supplemental S.1.6](#sup1){ref-type="supplementary-material"}). When 1.5-fold Lambda was added into LRC or LIC, Lambda could only remove linearized dsDNA but not ssDNA ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Therefore, combinatorial exonuclease treatments have potential to optimize the C-technologies ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Eliminating linear noises of C-technologies {#SEC3-2}
-------------------------------------------

To assess the effect of combinatorial exonuclease treatments in C-technologies, high input (572 ng) and low input (40 ng) DNA libraries were constructed from C2C12 cells (Supplemental S.2). Here, exonuclease combinations LRL, LRC, LIC and I+IIIC were used to remove linear noise. Agarose gel electrophoresis results (Figure [4A](#F4){ref-type="fig"}) showed that LRL (1), LRC (2) and LIC (3) groups successfully reduced linear DNA, after 1 h digestion, whereas the I+IIIC (4) group over digested the library. For the high input library, the yield of remaining DNA from these four linear DNA elimination treatments were measured ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}): the ratios were 34.2% (2: LRC), 23.0% (3: LIC), 18.2% (1: LRL) and 16.8% (4: I + IIIC) (Figure [4B](#F4){ref-type="fig"}). These results were similar to those obtained with the low input library ([Supplementary Table S11](#sup1){ref-type="supplementary-material"}): here, the ratios were 9.3% (LRC), 8.1% (LIC), 6.0% (LRL) and 6.5% (I+IIIC).

![C-technology application and preliminary assessment in Hi-C. (**A**) DNA library (572 ng) linear noise elimination for C-technologies, after proximal-ligation. M (left), 1 kb DNA ladder; 1: LRL, LRL used for linear noise elimination. 2: LRC, LRC used for linear noise elimination; 3: LIC, LIC used for linear noise elimination; 4: I+IIIC, I+IIIC used for linear noise elimination; C: Co, without exonucleases digestion; M (right): 100 bp DNA ladder. (**B**) The yield ratio of remaining DNA after four linear elimination treatments, which was consistent to (A). The remaining ratio (gray) and eliminated ratio (purple) are shown together in the bar chart. (**C**) A 40 ng library was given four exonuclease treatment combinations, along with addition of plasmid chaperon carrier, as indicated. M: 1 kb + 100 bp DNA ladder. 1′: LRLP1, LRL with P1 chaperon used for linear noise elimination; 2′: LRC with P1 chaperon used for linear noise elimination; 3′: LICP1, LIC with P1 chaperon used for linear noise elimination; 4′: I+IIICP1, I+IIIC with P1 chaperon used for linear noise elimination; C': P1 chaperon added, without exonucleases digestion. (**D**) The yield ratio of remaining DNA, after four linear DNA elimination treatments, which was consistent to (**C**). (**E**) HiC-Pro filtering results of Hi-C with exonuclease elimination LIC, compared with standard Hi-C in Figure [1B](#F1){ref-type="fig"}. LIC-Hi-C had three experimental replicates (LIC-Hi-C 1; LIC-Hi-C 2; and LIC-Hi-C 3). HiC-Pro terms are as indicated in Supplemental S.3.](gkaa106fig4){#F4}

In these assays, after linear elimination it was difficult to detect the purified DNA, by agarose gel electrophoresis ([Supplementary Figure S9B and C](#sup1){ref-type="supplementary-material"}). Thus, we introduced circular plasmid into the library, as an internal reference (Figure [4C](#F4){ref-type="fig"}, [Supplementary Figures S8B and S9D](#sup1){ref-type="supplementary-material"}). An equal quantity of plasmid (see Materials and Methods) was added into these two replicates (572 and 40 ng of proximity-ligation library). LRLP1(1′), LRCP1(2′), LICP1(3′) and I+IIICP1(4′) groups were set as elimination treatments and CoP1(C') was set as control for the 40 ng library (Figure [4C](#F4){ref-type="fig"}). The electrophoresis results showed that, for the 572 ng library tests, LRLP1, LRCP1 and LICP1 had a consistent effect, whereas the library treated with I+IIICP1 was over-digested (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}). The ratios for these four treatments were 53.6% (LRLP1), 44.5% (LRCP1), 40.5% (LICP1) and 30.2% (I + IIIC) ([Supplementary Table S8](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}). These results were similar with the low input experiments \[87.5% (1′: LRLP1), 52.5% (2′: LRCP1), 55.4% (3′: LICP1) and 34.9% (4′: I+IIICP1)\] (Figure [4C](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"} and [Supplementary Table S12](#sup1){ref-type="supplementary-material"}). The remaining ratios, with plasmid P2, were 82.4% (LRLP2), 41.9% (LRCP2), 36.7% (LICP2) and 21.5% (I+IIICP2) ([Supplementary Table S13](#sup1){ref-type="supplementary-material"}, [Supplementary Figures S9D and E](#sup1){ref-type="supplementary-material"}). These two electrophoresis-gels clearly showed circular bands of internal reference, indicating that P2 was consistent with P1 as chaperon carrier (Figure [4C](#F4){ref-type="fig"} and [Supplementary Figure S9D](#sup1){ref-type="supplementary-material"}).

In conclusion, LRL, LRC and LIC combinations could reliably identify interactions and displayed a high consistency between the high and low input libraries. Thus, such treatments could be used to remove linear noise and purify proximal-ligation circularized DNA in C-technologies.

Exonuclease combinations reduce noise-source of Hi-C {#SEC3-3}
----------------------------------------------------

In standard Hi-C, valid interaction pairs ratio are low (∼30% to ∼40%, Figures [1B](#F1){ref-type="fig"} and [5A](#F5){ref-type="fig"}) ([@B26],[@B27]). To evaluate noise-elimination efficiency, 'Lambda and Exonuclease I' was tested to remove linear DNAs and to further construct Hi-C libraries (Figure [1A](#F1){ref-type="fig"}). By this treatment, the noise ratio was significantly decreased. As shown in Figure [4E](#F4){ref-type="fig"}, LIC efficiently reduced the ratio of dangling end pairs to 2.3%, compared with a T4 DNA polymerase treatment (30.8%) (Figure [1B](#F1){ref-type="fig"}). The wrong size (dumped pairs) fragment ratio was also reduced (from 20.9% to 5.9%). At the same time, a small increase was observed in self-ligation reads, which could be removed by bioinformatics analysis ([@B11]). Thus, LIC could efficiently reduce various linear noise in Hi-C and increased the ratio of circularized interaction DNA (from ∼40% to ∼80%) (Figure [4E](#F4){ref-type="fig"}).

![Exonuclease combination eliminates high-noise of standard Hi-C, meanwhile maintains a high degree of correlation. (**A**) HiC-Pro filtering results of Hi-C with exonuclease elimination LRC (termed as Exo-Hi-C), compared with Dixon *et al.* Standard Hi-C 1 (standard Hi-C data in mouse ES cells) ([@B26]). Valid interaction pairs of Exo-Hi-C were twice as much as that with Standard Hi-C 1. (**B**) HiC-Pro filtering results of *in situ* exo-Hi-C (IIIIC combination) and Rao *et al.in situ* Hi-C ([@B25]). (**C**) Specific data comparison between Exo-Hi-C, standard Hi-C 1 and DNase-Hi-C. To obtain valid interaction data of near equivalent size (∼71 million), Standard Hi-C 1 required ∼341 million clean data. DNase-Hi-C required ∼281 million clean data. Exo-Hi-C was sequenced ∼187 million clean data. In detail, the noise associated with dangling end pairs, dumped pairs and religation pairs were greatly reduced. Valid interaction pairs mean valid pairs and unique paired alignments mean total pairs, which were consistent with [Supplementary Table S14](#sup1){ref-type="supplementary-material"}. (**D**) The correlation between Exo-Hi-C, Standard Hi-C 1 and DNase Hi-C, according to interaction frequency at 50 kb resolution. The correlation was related with cell types and exonuclease treatment did not alter the cell feature. Exo-Hi-C and Standard Hi-C 1 were from mESC cells. DNase Hi-C were from mouse brain cells. (**E**) Exo-Hi-C and Standard Hi-C 1 were very consistent in A/B compartment level. The slide window of chromosome 10 (chr 10) is shown. The positive PC1 value reflected A compartments (marked as orange peak). The negative PC1 regions were B compartments (marked as navy blue peak). The Refseq Genes were shown correspondingly.](gkaa106fig5){#F5}

Potential application to C-technologies {#SEC3-4}
---------------------------------------

To further evaluate the elimination effect, we next prepared mESCs Hi-C libraries ([@B38]) with 'Lambda and RecJF' combination, herein referred to as Exo-Hi-C (Figure [5A](#F5){ref-type="fig"} and [Supplementary Table S14](#sup1){ref-type="supplementary-material"}). Standard Hi-C 1 was downloaded from previous work by Dixon *et al.* ([@B26]). Mapping and filtering processes were performed by HiC-Pro pipeline ([@B12]). The ratios of valid interaction pairs of Exo-Hi-C (85.0%) was increased compared to Standard Hi-C 1 (39.0%) (Figure [5A](#F5){ref-type="fig"}). The noise for dangling end pairs (decreased from 82.02 to 6.47 million), dumped pairs (decreased from 29.30 to 6.21 million) and religation pairs (decreased from 4.81 to 1.18 million) were dramatically reduced (Figure [5C](#F5){ref-type="fig"}). In addition, exonuclease elimination did not significantly alter the ratios of cis and trans interaction in Hi-C ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}). Through Empirical Cumulative Distribution analysis and correlation analysis, we could infer that combinatorial exonuclease treatments primarily removed noise, and thus, would not likely influence valid interactions and its related characteristics (Figure [5D](#F5){ref-type="fig"}, [Supplementary Figure S12](#sup1){ref-type="supplementary-material"}). We then performed QuASAR at 40 kb and 1 Mb resolution ([@B35],[@B36]). The results showed that Exo-Hi-C and Standard Hi-C were comparable in quantity (QuASAR-QC scores) at both resolutions ([Supplementary Figure S13](#sup1){ref-type="supplementary-material"}).

We further compared global chromatin interaction patterns and a series of defined structures at different resolutions. The A/B compartments were representatively showed on chromosome 10. Exo-Hi-C and Standard Hi-C 1 showed consistency at global regions (Figure [5E](#F5){ref-type="fig"}). To further probe different levels of chromatin conformation, we generated Hi-C interaction frequency heatmaps, at various chromatins and their regions. With 250, 100 and 25 kb resolution, both Exo-Hi-C and Standard Hi-C 1 showed similar interaction grids (Figure [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"} and [Supplementary Figure S14--S16](#sup1){ref-type="supplementary-material"}) ([@B39]). We also tested several reported gene clusters, or DNA-loops, for validation. For example, *Hox A* (a1--a13) and *Hox D* (d1--d13) gene clusters are similar in gene regulation transform patterns and are regulated by long-range enhancers in gene-poor regions or in sub-TADs, or cross the nearby TADs ([@B40]). At 10 kb resolution, interaction heatmaps of Exo-Hi-C successfully demonstrated *Hox D* (Figure [6C](#F6){ref-type="fig"}) or *Hox A* gene clusters ([Supplementary Figure S17](#sup1){ref-type="supplementary-material"}), accompanying their surrounding domains. Compared to DNase Hi-C, the Exo-Hi-C provided more distinct and informative interaction information ([Supplementary Figure S18](#sup1){ref-type="supplementary-material"}). We also explored the *Shh* gene-related region ([@B46]). It was reported that disruption of an enhancer, in an intron of the *Lmbr1* gene, led to *Shh* gene misexpression and a polydactyl phenotype ([@B46],[@B47]). This enhancer is 1 Mb away from the *Shh* gene ([@B47]), and the Exo-Hi-C could detect this enhancer-promoter loop and showed consistent result to that obtained using Standard Hi-C 1 (Figure [6D](#F6){ref-type="fig"} and [Supplementary Figure S18](#sup1){ref-type="supplementary-material"}).

![Hierarchical structures were compared between Exo-Hi-C and standard Hi-C, which were robust in Exo-Hi-C after the noise elimination. (**A**) The Knight-Ruiz (KR) normalized Hi-C interaction frequency heatmaps of chromosome 16 (250 kb bin) and its partial region 49--63 M (25 kb) in mESCs from Exo-Hi-C. (**B**) The KR normalized Hi-C interaction frequency heatmaps of chromosome 16 (250 kb bin) and its partial region 49--63 M (25 kb) in mESCs from Standard Hi-C 1. (**C**) *Hox D* gene cluster locus was zoomed-in at chromosome 2; 73.4--76.5 M (10 kb bin) on the normalized Hi-C interaction frequency heatmaps. The sub-TADs and TADs surrounding the *Hox D* were distinctly displayed (purple line). The upside was Exo-Hi-C and the downside was Standard Hi-C 1. The middle Track was RefSeq Genes. The French grey lane highlighted the *Hox D* gene cluster. The loop symbols conceptualized the interactions between *Hox D* genes and their regulatory elements in the flanking domains. (**D**) The enhancer-promoter loop of *Shh* gene interaction (chromosome 5; 27.75--30.70 M, at 25 kb bin) was zoomed-in. Exo-Hi-C displayed the robust loop structure as standard Hi-C. The French grey lanes highlighted the *Shh* gene promoter (left) and enhancer (right, within an intron of the *Lmbr1* gene) regions.](gkaa106fig6){#F6}

We generated contact probability (log)-Distance (Mb) plots for Exo-Hi-C, standard Hi-C and DNase Hi-C ([Supplementary Figure S19](#sup1){ref-type="supplementary-material"}) ([@B48]). As shown, P(s) ∼ s^−1^ is a black solid line, which is following a fractal globule model function and its contact probability own decaying characteristic of prediction(10). P(s) ∼ s^−0.5^ is a black dashed line, whose trends reflect predicted mitotic states ([@B30]). Relative contact probability plots (500 kb--7 Mb) demonstrated that the features of Hi-C were well-preserved during noise elimination. We performed aggregate peak analysis (APA) ([Supplementary Figure S20](#sup1){ref-type="supplementary-material"}), which displays the aggregate enrichment from an entire set of putative DNA-loops in a contact matrix and can be used to evaluate signal aggregate degree. Exo-Hi-C showed marked visual enrichment at the center of these plots. Compared with the previous methods, Exo-Hi-C achieved desirable signal aggregation, which met the characteristic of Hi-C aggregation peaks.

A similar approach, this elimination principle may also be used to improve *in situ* Hi-C after *in situ* ligation ([@B25]). For *in situ*, *in situ* exo-Hi-C was specifically introduced by linear DNA eliminating step after proximity-ligation basing on Rao *et al.in situ* Hi-C ([Supplementary Figure S21](#sup1){ref-type="supplementary-material"}). Here, three replicates for 2 types (IIIIC and LIC) of exonuclease combinations were used to test the effect of elimination. The *in situ* Hi-C was the control group prepared by us and Rao *et al.in situ* Hi-C was downloaded ([@B25]). Compared with the Rao *et al.* datasets, *in situ* exo-Hi-C yielded much lower noise levels and higher valid interaction pairs ratio (Figure [5B](#F5){ref-type="fig"} and [Supplementary Figure S22](#sup1){ref-type="supplementary-material"}). Furthermore, both combinations showed higher consistency and more validated pairs than those of *in situ* Hi-C datasets (Supplemental S.4) ([@B25]). The related assessment was also shown in the Supplementary material ([Supplementary Figure S23--S25](#sup1){ref-type="supplementary-material"}) ([@B49]). After sampled same amount of sequencing read pairs, HiCCUPS, QuASAR-QC and APA were also applied to analysis. For *in situ*, the loop numbers of different groups was showed as IIIIC-*in situ* Hi-C \> LIC-*in situ* Hi-C \> *in situ* Hi-C (control) \> Rao *et al.in situ* Hi-C. The difference between *in situ* exo-Hi-C and *in situ* Hi-C reached 3--6-fold ([Supplementary Figure S26](#sup1){ref-type="supplementary-material"}). These should be compelling. QuASAR-QC scores of *in situ* exo-Hi-C were also higher than control groups. Concretely, the situation was IIIIC-*in situ* Hi-C \> LIC-*in situ* Hi-C \> *in situ* Hi-C (control) \> Rao *et al.* in situ Hi-C ([Supplementary Figure S27](#sup1){ref-type="supplementary-material"}), which provided evidence that *in situ* exo-Hi-C was less noisy. Furthermore, we also used APA to evaluate. *In situ* exo-Hi-C (IIIIC-*in situ* Hi-C and LIC-*in situ* Hi-C) reflected the good signal aggregate degree similar with control and previous Rao *et al.*'s groups ([Supplementary Figure S28](#sup1){ref-type="supplementary-material"}). Therefore, our strategy is effective in decreasing the noise level.

In conclusion, C-technologies are frequently employed technologies for 3D genomics. For these high-noise methodologies, removing undesired linear DNAs, generated by cyclization steps, are critical to reduce their noise sources, as this will be beneficial for downstream 3D interaction identification. In this study, we developed four strategies (LRL, LRC, LIC and IIIIC) to eliminate linear DNA noise, which could increase the yield of valid-pairs (valid templates) for C-technologies. By using these three exonuclease combinations, we successfully optimized Hi-C technology, especially in dilution Hi-C from ∼40% to ∼80%. Our technique has high potential to be applied to a wide range of C-technologies, such as 3C, 4C ([@B1]), 5C, and ChIP combining 3C (ChIP-Loop), because 3C, 4C, 5C, Capture-Hi-C, etc., are dilution based technologies and these technologies are high-noise ones ([Supplementary Figure S29](#sup1){ref-type="supplementary-material"}) ([@B2],[@B4],[@B8],[@B50]). Therefore, adjustment of a pivotal step of C-technologies or the data improvement, even a minor one, would have long term effects on related researches. The high-efficiency, convenience and low cost of our methodology make it very promising application in the field of 3D genomics.
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